Previous research has shown that indoor benzene levels in homes with attached garages are higher than homes without attached garages. Exhaust ventilation in attached garages is one possible intervention to reduce these concentrations. To evaluate the effectiveness of this intervention, a randomized crossover study was conducted in 33 Ottawa homes in winter 2014. VOCs including benzene, toluene, ethylbenzene, and xylenes, nitrogen dioxide, carbon monoxide, and air exchange rates were measured over four 48-hour periods when a garage exhaust fan was turned on or off. A blower door test conducted in each garage was used to determine the required exhaust fan flow rate to provide a depressuri- 
stored in garages, may release pollutants during storage or when operated even briefly. These pollutants include carbon monoxide (CO), nitrogen dioxide (NO 2 ), and volatile organic compounds (VOCs), including the BTEX species (benzene, toluene, ethylbenzene, and xylenes). [12] [13] [14] [15] [16] Therefore, attached garages may contain many sources of pollutants that have the potential to cause adverse health effects in humans depending on pollutant concentrations and the duration of exposure. 10, [17] [18] [19] Transfer of air pollutants from attached garages into homes is fostered by leaks in the building envelope. This includes walls/ceilings shared by the garage and the home and/or the door leading into the garage from the home. Furthermore, air transfer is also promoted when there is a negative depressurization in the home relative to the garage.
During winter, Canadian homes are often under a negative pressure with respect to their attached garage and the ambient air. 20 This negative pressure differential arises in part from the use of exhaust fans/ mechanical ventilation systems in the home, which exhaust more air than they bring in and also from the "stack effect" where large indoor and outdoor temperature differences occurring in winter cause air to be drawn into the home at ground level and exhaust from the upper floors, much like a chimney. 21 A study by Graham et al. 21 found that the garage can contribute up to 16% of total indoor CO. Fugler et al. 22 also found that up to 45% of the total infiltrating air in a home originated from the garage, while others have shown that 40%-60% of the total indoor benzene can originate from the garage. 23, 24 These studies have all identified that there is a significant degree of infiltration of air from attached garages into homes.
The Canadian National Building Code (NBC) 25 contains some provisions to prevent the transfer of pollutants from attached garages to the dwelling unit, and the nature of these provisions changes as a function of the type of garage and the number of vehicles parked in them. For all garage types, there must be a minimum of a conformed air barrier system installed between the garage and the dwelling; all joints of the membrane materials used in the air barrier system must be sealed and structurally supported; every door between the garage and the remainder of the dwelling should be tightly fitted and weatherstripped and should not be located in a room intended for sleeping.
However, the NBC (2010) imposes no requirement for mechanical ventilation in the garage for all types of garages that can accommodate 4 cars or less.
Previous studies have outlined various strategies to reduce residential exposures to VOCs originating from attached garages, including maintaining a negative pressure in the garage with respect to the indoor living space, sealing penetrations from the living area into the garage, and implementing behavioral changes such as parking the car outside. 22, 23, [26] [27] [28] [29] Although many of these strategies have been highlighted as promising interventions warranting further examinations, their efficacy has not yet been demonstrated consistently. 23, 28 This study was a multiyear project undertaken by Health Canada, in collaboration with the National Research Council of Canada. The purpose of this study was to test the effectiveness of two interventions aimed at improving indoor air quality in homes with attached garages. The first intervention was the installation and use of an exhaust fan in the garage to reduce the transfer of pollutants from the garage into the home. Fans were sized to achieve a 5 Pascal (Pa) depressurization of the garage relative to the home, as this amount of depressurization has been used in the past to protect adjacent areas during the remediation of contaminated sites (i.e., asbestos), 30, 31 and could realistically be obtained in the residential environment. The second intervention was the improvement of the seal between the home and the attached garage by identifying and remedying leakage areas in the connecting wall. This study reports on the results from the first intervention only. The results of the second intervention will be reported elsewhere.
| METHODS

| Study design
This study employed a randomized crossover design. During January 
| Participant recruitment
A telephone polling company randomly phoned households in Ottawa, Ontario, identifying potential participants based on the following 
| Prior to the intervention
Once a list of eligible homes was finalized, an initial home visit was scheduled to ensure that the fan could be installed given the configuration of the garage, that the home was not located too far from Ottawa, or that the garage was not too leaky to achieve a 5 Pa pressure differential. In addition, during this visit, residents provided informed consent, and technicians administered both a baseline questionnaire and a survey of products/equipment stored in the attached garage. The home and garage volumes were measured, as well as the number air changes per hour at 50 Pa (ACH 50 ) of the home and garage.
| Blower door testing for fan sizing
The ACH 50 of the home and garage was measured using an Orifice
Blower Door according to the American Society for Testing and Materials' (ASTM) test method E 779-03. 32 Three different test con- number of the homes in the initial recruitment pool, the required fan flow rate was too large to reasonably achieve the required depressurization (n=3) and these homes were removed from the study.
The results and a detailed analysis of the airtightness data will be presented in a subsequent publication dealing specifically with the sealing intervention.
| Exhaust fan installation
In 
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Following exposure, badges were placed into a sealed ziploc bag in an opaque plastic container and refrigerated during storage and shipping.
The NO 2 carbonate-coated filter was then analyzed using a modified Ogawa protocol. This included a reduction in the extraction volume to 1.2 mL to improve sensitivity. Each filter pad was placed in a 25-mL screw-cap Nalgene bottle, and 1.2 mL of type-1 water was added. The bottles were then capped, and the samples were sonicated for 30 minutes. The extract was then filtered through an IC MILXH, 
| Ventilation measurements
The air exchange rates (AERs) of the home and garage were estimated using the two-zone approach of the perfluorocarbon tracer (PFT) gas method. 35 The two-zone approach of the PFT method was ideal for this study as it provided a rate of air exchange with outdoor air for both zones (the home and the garage). The PFT method uses inert PFT gases, emitted from sources at a constant, temperature-dependent rate, then captured on capillary absorptive tubes (CATs). 
| CO, temperature, and relative humidity measurements
Carbon monoxide was monitored indoors and in the attached garage using a Langan Model T15n Enhanced CO monitor (Langan Products, Inc., San Francisco, CA, USA) and recorded at 5-minute intervals.
Indoor relative humidity and temperature were recorded every 5 minutes using a HOBO Data Logger (Onset, Cape Cod, MA, USA).
In the garages, temperature was recorded every 5 minutes using the Langan Model T15n Enhanced CO monitor, while relative humidity was recorded every 5 minutes using HOBO Data Loggers. Outdoor temperature and relative humidity were downloaded from http://climate.weather.gc.ca/for the entire sampling season.
| Pressure differential
For each 48-hour sampling period, the pressure differential was measured directly across the garage-home connecting door with a Veris Industries Differential Air Pressure Transducer model PXULX05S
(Tualatin, OR, USA).
| Questionnaires
During each 24-hour sampling period, participants completed a daily online questionnaire on activities (i.e., cooking, cleaning) that occurred in their home that could have affected indoor air quality. The data from these 24-hour questionnaires were then combined to cover each 48-hour sampling period. Technicians administered a one-time baseline questionnaire to participants during the study to collect information on household characteristics, including any products, gasoline-powered equipment, and cars stored in their attached garage.
| Statistical analysis
| Treatment of values below the detection limit
Concentrations for BTEX and NO 2 were left unadjusted, regardless of whether they fell above or below the method detection limit (MDL).
Samples with concentrations higher than their corresponding MDL were interpreted as valid, and the value reported by the analytical laboratory was used. Samples with concentrations lower than their corresponding MDL were identified as below the detection limit.
However, these values were retained for the statistical analysis given that imputing with commonly used methods (i.e., dividing the minimum detection limit by the square root of 2) can lead to censored distributions that may result in more biased predictions. With the exception of CO, all models were corrected for their corresponding outdoor concentrations. For BTEX, the corresponding outdoor concentrations were subtracted from both the indoor concentrations and the garage concentrations to create outdoor-corrected dependent variables. This approach is based on the principles outlined in the mass balance equation and allows for a more direct assessment of the fan's ability to mitigate exposures related to the presence of an attached garage. This approach assumes that the penetration fraction (P) for gas molecules can be taken to be 1, assuming complete penetration, and that deposition (k) is zero as the BTEX species are non-reactive. As NO 2 is a reactive gas, outdoor concentrations were included in the model to adjust for any confounding effects. Outdoor CO was not measured, and therefore, no outdoor adjustment was possible.
Other variables considered as potential confounders included daily questionnaire data (i.e., number of cars parked in the garage, how long cars were parked in the garage, how long the garage door was open, window opening, use of gas-powered items such as snow blowers), baseline questionnaire data (i.e., furnace type, presence of a gas stove, a central vacuum connection through the garage/home interface), and temperature data (ambient temperature, absolute garage-indoor temperature differential, absolute garage-outdoor temperature differential, and absolute indoor-outdoor temperature differential). No factors were determined to be confounders, but variables that were significant predictors of home/garage concentrations were included in the final models for completeness (see Table   S1 for the full list of significant variables included). Garage AER was not considered as a confounder given its strong correlation with fan use.
| Assessment of garage leakiness as a potential mitigating factor
To assess the influence of garage leakiness on home and garage pollutant concentrations, each home was assigned to one of three categories-leaky garage, somewhat leaky garage, and tight garage. 
| RESULTS AND DISCUSSION
| Recruitment and household characteristics
| Recruitment
Of 1125 unique telephone numbers dialed by the polling firm, 775
could not be reached after multiple attempts, 102 refused to answer the screening questionnaire, 180 homeowners were ineligible based on the inclusion criteria, and 16 numbers were not in service.
Ultimately, a list of 52 eligible participants was compiled.
Following an initial home visit with each of the qualified participants, 6 decided to withdraw, 6 never returned calls by the study coordinator, and 7 were excluded by the research team for various reasons (i.e., the garage was too leaky to achieve a 5 Pa pressure differential, the home was located too far from Ottawa, the configuration of the garage made the fan impossible to install, participant availability).
Overall, 33 homes in the Ottawa area were eligible and participated in the study.
| Household characteristics
Household characteristics for all homes are presented in Table 1 
| Pollutant concentrations
Pollutant concentrations are presented in Fig. 1a and b and Supplemental Table S4 . Overall, levels of BTEX species were significantly higher (P<.05) in the attached garage than those found in the home and outdoors. This is not unexpected, as BTEX species are typically derived from the evaporative and tailpipe emissions of the gasoline-powered vehicles and equipment that are often found in garages. 12, 14 As well, BTEX levels in homes have been shown to increase after both a cold start (vehicle started at ambient temperature) and hot soak (cooling off from a hot vehicle after it is turned off). 16, 37 This is consistent with other studies that have shown significantly higher concentrations in the garage compared with the homes. 23, 24 As well, indoor geometric mean concentrations of BTEX species reported here during the fan off time period (see Table S3 These differences may be a result of seasonal differences. Outdoor levels of BTEX were low, and geometric mean concentrations were not significantly different during the fan off and fan on periods (P=.42-.96).
Indoor NO 2 concentrations were lower than both garage and outdoor concentrations, with levels highest outdoors (Fig. 1b) . Higher outdoor NO 2 levels versus indoor concentrations have been reported elsewhere, 1, 19, 38, 39 and this is expected for homes without major indoor sources such as gas stoves. In this study, only 2 homes had gas stoves (see Table 1 ). Indoor geometric mean concentrations found in this study (fan off=8.9 μg/m 
19,41
The mean levels of CO in the home over the 48-hour averaging period were all below 2 ppm, whereas garage CO concentrations were highly variable ranging from 0 to 12 ppm, with some 48-hour concentrations in the garage exceeding Health Canada's 24-hour guideline for CO of 10 ppm. 17 These indoor CO concentrations are comparable to average levels in homes without gas stoves (0.5-5 ppm), 42 as well as to levels reported in 3 homes with attached garages during hot soak and cold start tests (0.3-2.6 ppm).
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Tables with the descriptive statistics for the air pollutants of interest can be found in the supplemental material (see Table S3 ). 10 For all BTEX species, the median I/O ratio decreased when the fan was operating, suggesting that the indoor source, the attached garage, was minimized through the use of a fan (Table 2) .
| Indoor
These results are in contrast to those found for NO 2 , which had median I/O ratios <1 during both fan off and fan on periods. This is not surprising given that there were very few indoor sources of NO 2 in participating homes (i.e., only two homes had gas stoves 
| Garage/outdoor ratios
G/O ratios for BTEX species were even greater than the I/O ratios (Table 2) , indicating a significant contribution from garage sources.
During fan off periods, the median G/O ratios ranged from 11.4 (benzene) to 80.9 (m,p-xylene). All BTEX G/O ratios were substantially reduced through the use of fan (range: 3.0-12.9). For NO 2 , the G/O 
(a) (b)
ratio was <1 during the fan off period and approached 1 during the fan on period, suggesting an outdoor contribution to garage concentrations during both time periods.
| Garage/indoor ratios
All G/I ratios in this study were >1. Batterman et al. 23 suggest that G/I ratios >1 signify garage sources. In their study, G/I ratios for aromatics exceeded 10, showing the dominance of garage sources.
In our study, median G/I ratios for the BTEX species were approxi- 
| Effectiveness of garage fan
| Effectiveness of the garage fan in reducing pollutant concentrations
A summary of the percent changes in the adjusted geometric mean concentrations can be found in Table 3 . Statistically significant reductions were seen indoors during the periods when the garage fan was operating compared to when it was not. These reductions ranged from 43% to 62% for all of the outdoor-corrected BTEX species (P<.05). The reduction was even greater in the attached garage where decreases in outdoor-corrected BTEX species ranged from 79% to 81% (P<.05). For CO, levels were reduced by 23% indoors and 61%
in the garage (P<.05).
The intervention did not significantly influence NO 2 concentrations in the home. However, garage concentrations of NO 2 did significantly increase (P<.05) when the fan was operational to more closely reflect outdoor concentrations. The lack of change in the indoor concentrations is likely due to the fact that indoor concentrations would have been largely influenced by outdoor concentrations under baseline conditions. This is because the majority of the leakage in a home occurs between the building envelope and the outdoor environment,
and not the garage-home interface. 59 In this study of 67 homes, the garage-to-home interface only accounted for 10%-13% of the total home leakage. 59 Therefore, it is unlikely that this type of intervention will significantly reduce indoor concentrations in instances where outdoor pollutant concentrations exceed or are equal to the garage concentration.
To our knowledge, few studies have examined the effectiveness of mechanical ventilation and/or garage exhaust in reducing pollutant concentrations in the home or in the garage. Kaluza 60 reported that keeping the garage at a negative pressure relative to the house prevented CO transport into a house in Alaska. However, no studies are currently available that have examined the influence of a garage fan, or any other mitigation strategy, on BTEX species. This is despite the substantial evidence to support the fact that transport of contaminants from the garage has the potential to negatively impact indoor air quality 61 and subsequent health.
18,62-66
| Influence of the fan operating on AER and the garage-indoor pressure differential
A summary of the percent changes in the adjusted geometric mean AER and mean garage-indoor pressure differentials can also be found in Table 3 . Geometric mean garage AER increased by about fivefold (2.97/0.56=5.3) when the fan was operational, which is in strong agreement with the dramatic fivefold decrease observed in garage pollutant concentrations (Table 3 ). The home's AER, temperature, and relative humidity were not significantly impacted by fan status (Table 3, Table S3 ). There was also a 564% reduction in the mean indoor-garage pressure differential.
However, these numbers do not reflect the fact that some homes had a much greater depressurization than others and that some homes did not meet the intended target depressurization of 5 Pa. In fact, only 27% of homes met the targeted depressurization. We conducted stratified analyses for homes that met the depressurization target and those that did not and determined that although the intervention significantly reduced pollutant concentrations in both groups, the effect of the fan was approximately double in the homes that met the depressurization target. However, the garage AER was also increased by the same magnitude. These results suggest that the dramatic decrease in the observed garage and home pollutant concentrations was most likely due to a combination of both (i) depressurization of the garage relative to the dwelling and (ii) reduction of pollutant concentrations through dilution and exhaust.
| Influence of garage airtightness
Homes with leakier garages (higher garage ACH 50 ) did not have statistically significantly lower levels of pollutants indoors. There were significant differences in the outdoor-corrected garage benzene concentrations and garage AER (Table 4) . These results suggest that simply having a leakier garage may not be adequately protective against contaminant infiltration into the home. Other strategies such as mechanical ventilation are more reliable. However, the overall trends in the data do suggest lower indoor levels of pollutants in homes with leakier garages, and our lack of statistically significant findings may be a result of our relatively small sample size (n=30).
| Cost of the intervention
There were several costs associated with the implementation of this 
| LIMITATIONS AND CONCLUSIONS
This study has several limitations. This study was conducted in only one season/location, and therefore, the results of this study may differ in other seasons or regions with different climates/housing stock.
We elected to conduct the study during the season when the transfer of pollutants from the garage into the home is most pronounced due to temperature differences. Furthermore, we did not have sufficient power to thoroughly examine the question of whether having a leakier garage is able to reliably reduce concentrations of garage pollutants indoors. Finally, as a crossover study, carryover effects may be of concern between treatment periods. However, as the study repeated the fan on/fan off periods twice, in opposite order, carryover is adjusted for in the study design. Also, if any carryover effects remained, they would bias the results toward the null or underestimate the effect of the intervention.
Attached garages are a well-documented predictor of elevated indoor exposure to certain air pollutants. Risk communications should continue to stress source control as a mitigation strategy, including removing paints, solvents, and other VOC sources from the garage, along with avoiding activities in the garage that emit VOCs, such as operating and storing gas-powered equipment. Many residents continue to use the garage as storage for chemicals, power equipment, and vehicles, so other mitigation options beyond source control are
needed.
Mechanical ventilation has been demonstrated as a feasible, effective option for reducing the infiltration of VOCs from the garage into the home. This intervention study demonstrated that exhaust ventilation is able to dilute BTEX concentrations in the garage, as well as frequently reversing the pressure differential that can draw garage air into the house. Regardless of the mode of action (depressurization or dilution), garage exhaust fans significantly reduced indoor levels of pollutants originating from the garage. As a result, the potential health risks posed to homeowners due to infiltration of garage pollutants into the home may be mitigated through the implementation of this simple intervention. 
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